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ABSTRACT 24 
25
A new gas flaring emission parameterization has been developed which combines remote sensing 26 observations using VIIRS nighttime data with combustion equations. The parameterization has been 27 applied to southern West Africa, including the Niger Delta as a region which is highly exposed to gas 28 flaring. Two two-month datasets for June-July 2014 and 2015 were created. The parameterization 29 delivers emissions of CO, CO 2 , NO and NO 2 . A flaring climatology for both time periods has been 30 derived. The uncertainties owing to cloud cover, parameter selection, natural gas composition and 31 the interannual differences are assessed. Largest uncertainties in the emission estimation are linked 32 to the parameter selection. By using remote sensing cloud cover observations, a correction factor for 33 the climatology was established to consider the effect of flares masked by clouds. It can be shown 34 that the flaring emissions in SWA have significantly decreased by 30% from 2014 to 2015. Existing 35 emission inventories were used for validation. CO 2 emissions with the estimated uncertainty in 36 brackets of 8 ( 12 2 ⁄ ) Tg y -1 for 2014 and 5 ( 7 1 ⁄ ) Tg y -1 for 2015 are derived. The flaring emission 37 estimation within this study for June-July 2014 is in the same order of magnitude compared to 38 existing emission inventories. For the same period in 2015 the emission estimation is one order of 39 magnitude smaller in comparison to existing inventories. The deviations might be attributed to 40 uncertainties in the derived flare gas flow rate, the decreasing trend in gas flaring or inconsistent 41 emission sector definitions. The parameterization source code is available as a package of R scripts. 42 43 44 
Introduction

45
Gas flaring is a globally used method to dispose flammable, toxic or corrosive vapors to less reactive 46 compounds at oil production sites and refineries. In regions of insufficient transportation 47 infrastructure or missing consumers, flaring is also commonly applied. 48 CDIAC (2015a) estimated the global gas flaring emission of carbon dioxide to 267.7 million tons 49 (0.83% of total emissions) in 2008. Flaring and venting of gas significantly contributes to the 50 greenhouse gas emissions and therefore to the global climate change. The five countries with the 51 highest flaring amount in billion cubic meter (bcm) are Russia (35), Nigeria (15), Iran (10), Iraq (10) 52
and USA (5) (World Bank, 2012). 53
In recent time, especially with the development of remote sensing observation techniques (e.g. 54 Elvidge et al. (1997, 2013) ), emissions from gas flaring moved in the focus of atmospheric research 55 involving the efforts in reducing the pollution and the waste of resources. The World Bank led the 56 initiatives "Global Gas Flaring Reduction Partnership" (GGFR) and "Zero Routine Flaring by 2030" to 57 promote the efficient use of flare gas. 58
Instead of relying on national statistics of gas production and consumption for estimating the flaring 59 amount, remote sensing techniques can estimate the flaring amount directly via multispectral data 60 (Elvidge et Nightfire (Elvidge et al., 2013) , which is free available as "VIIRS Nightfire Prerun V2.1 Flares only" 65 (VIIRS, 2015) (VNP hereafter), is now the most widely used product to derive flaring emissions from 66 satellite imagery. By using VNP, Zhang et al. (2015) estimated the methane consumption and the 67 release of CO 2 from gas flaring for the northern U.S. which agree with field data within an uncertainty 68 range of ±50%.
69
Also in the second largest flaring country Nigeria, the awareness of gas flaring increases. On 70 gasflaretracker.ng the attention of the government, industry and society is called to the flaring 71 problem by interactive maps of flare infrastructure, amounts and costs. The implications of gas 72 flaring in Nigeria are far-reaching. It influences the environment by noise and deterioration of the air 73 quality (Osuji and Avwiri, 2005 The parameterization is presented in Section 2. Results of the application to SWA, including the 88 spatial distribution of gas flaring, the emission estimation and the uncertainty assessment are 89 investigated in Section 3. Section 4 places the emission estimates in the context of existing 90 inventories. The results are summarized and discussed in Section 5. 91 92
Parameterization of gas flaring emissions
The new parameterization for gas flaring presented here, is based on VNP (VIIRS Nightfire Prerun 95 V2. For the source temperature we use the VNP observation. 178
The estimation of the fuel gas density, which is necessary to transform the flow rate into an 179 emission, is problematic due to the lack of data concerning the technical setup of the SWA flares. We 180 assume that the dominating flare type is a low-pressure single point flare. of the common flaring area shows an increase in TP15 about 124%. Therefore it seems that the 255 flaring intensity decreases in TP15 over large areas but simultaneously some flaring hotspots 256 occurred, which are distributed along the SWA coast (not shown). Fig. 2 processes but only on the natural gas composition (see Tab. 3) and the amount of flared gas (IU14). 282
Due to the use of the averaged measurements of Sonibare and Akeredolu (2004) , local variations of 283 hydrogen sulfide concentrations in the natural gas cannot be taken into account. Hydrogen sulfide is 284 the only source of sulfur in the flared gas and therefore determines the emission of sulfur dioxide. To 285 assess this uncertainty, a sensitivity study with different hydrogen sulfide concentrations is given in 286 Section 3.3.5. 287 288
Estimation of uncertainties 289 290
In the following section the most relevant uncertainties are presented, together with approaches for 291 their assessment. This includes the uncertainty concerning the flare detection in the presence of 292 cloud cover, the uncertainty in the determination of the emitted heat flow via the fraction of 293 radiated heat , the uncertainty in the choice of the IU14 parameters and the changes in flare 294 operation from one year to another as well as the influence of the spatial variability of hydrogen 295 sulfide in the natural gas on the sulfur dioxide emissions. Apart from Section 3.3.4 all uncertainty 296 estimations are confined to TP15. 297 298
Uncertainty due to cloud cover
In Section 3.2 a climatological data set of flaring emissions (E clim ) was derived. When using this data 301 set we are losing the day to day variation of the flaring emissions that is delivered by VNP. Although 302 daily satellite observations are available, the problem arises that usually parts of the scene observed 303 by the satellite are covered by clouds. In the following we will describe a method of how to derive 304 by VNP, either because they are inactive or obscured by clouds. We now further separate this grey 310 area by introducing an empirical threshold value N th of cloud cover. In areas that belong to the grey 311 fraction in Fig 4A, To ensure a consistent timing between cloud observation and VNP observation, the spatial domain 336 was reduced with a focus on the Niger Delta area (see Fig. 5a ) and the flares were allocated 337 according to the cloud data grid with a mesh size of 0.03°. 338 339
Geosci This area includes the majority of the Nigerian onshore flares. Although it is not the aim of this study 356 to identify the most reliable cloud climatology for SWA, it has to be considered that MSG3 likely 357 underestimates the mean cloud cover over the Nigerian onshore flares up to 30%. 358 However, in the following the cloud climatology derived from MSG3 (Fig. 5a ) is used since Aqua/AIRS 359 cannot provide the full spatial coverage for every day (due to the sun-synchronous orbit of 360 Aqua/AIRS). 361 362 363 364 not more than 51 flare boxes are detected at once. In average only 8% of the total flaring area is 372 active at once. As expected the temporal evolution of the flare boxes and the cloud cover for these 373 boxes (black solid line in Fig. 6 ) shows an anticorrelation. The highest number of flare boxes at day 36 374 is reached in a period of a comparatively low cloud cover. The mean cloud cover for the non-active 375 flare boxes of E clim (blue dotted line in Fig. 6 ), is in general higher than for the active flare boxes which 376 implies that the cloud cover reduces the VNP detections. Fig. 6 also reveals that it is not suitable to 377 use the strict cloud-free condition for the separation in Fig. 4B because nearly all of the boxes would 378 be assigned to the dark blue cloud covered fraction and the resulting emissions would be nearly the 379 same as E clim . 380
However, it has to be considered that the light points of flares are extremely small-scale signals 381
(1 5000 ⁄ of the VNP pixel, Zhang et al. (2015)) and even for an almost completely closed cloud deck 382 VNP detections are possible. 383
The climatology E clim is the reference for this study. In addition we define E obs which only considers 384 the actually observed flares per day. E 50 is defined as the combination of actually observed flares and 385 cloud covered flares (see Fig. 4 ) with a cloud cover threshold of 50%. E 75 (E 90 ) is equal to E 50 but uses 386 a cloud cover threshold of 75% (90%). 387
To emphasize the difference between the different emission estimates, Fig. 7 shows the daily 388 emissions of CO 2 for TP15 as a spatial sum over the Niger Delta area (see Fig. 4a . 6 ). Regarding the uncertainty in the cloud cover climatology (compare Fig.  413 5a and Fig. 5b area, is valid for the whole domain specified in Section 3.1. This assumption seems to be justified 436 since the Niger Delta area contains most of the gas flares in the domain. 437 438 439 
Uncertainty due to IU14 input parameters
440
To assess the uncertainty which arises from the combustion efficiency and the availability of 441 combustion air , a sensitivity study has been carried out. The exact values for the SWA flares are 442 unknown and very likely highly variable from one flare to another, depending on the flare type and 443 operation. Fig. 8a shows the flare emissions averaged over SWA and TP15 for CO, CO 2 , NO and NO 2 . 444
The parameters and are varied referring to IU14. A complete combustion ( = 1) does not 445 produce CO emissions since all carbon is transformed to CO 2 (not shown). With decreasing and , 446 the CO and CO 2 emissions increase. Concerning CO we assume the lower limit for = 0.9 and 447 . 8a ) and the upper limit for = 0.5 and = 0.76 (right of Fig. 8a) . The values 448 used for this study are located in the center of Fig. 8a . By taking the latter as reference, the lower 449 (upper) limit leads to a decrease (increase) in CO emission of -63% (+210%). For CO 2 we derived an 450 upper (lower) limit of +38% (-72%). 451 A higher combustion efficiency or a higher availability of combustion air allows an enhanced 452 formation of NO. Therefore NO emissions increase (decrease) with decreasing ( ). We assume the 453 lower limit for = 0.9 and = 0.95 and the upper limit for = 0.5 and = 1.30. Taking again the 454 central parameter set of Fig. 8a as reference, the lower (upper) limit leads to a decrease (increase) in 455 NO emission of -77% (+441%). 
462
The emissions of NO 2 are comparatively low owing to the source temperature which is in general 463 lower than the NO 2 formation threshold of 1600 K. 464
In addition, Fig. 8b shows the emissions depending on the gauge pressure for 1 (lower limit), 5 and 465 10 psi (upper limit) (7, 34 and 69 kPa respectively) for = 0.8 and = 0.95. Regarding 5 psi as the 466 reference, the lower (upper) limit leads to a decrease (increase) in CO emissions of -21% (+26%). 467 Fig. 8 emphasizes that the technical conditions of flaring crucially influence the emission strength and 468 that the emissions are more sensitive towards and than towards the gauge pressure. 469 470
Uncertainty due to the fraction of radiated heat
To estimate the uncertainty in the fraction of radiated heat (see Tab. 2), we have used the standard 473 deviation of the literature values given in the appendix of Guigard et al. (2000) in addition to the 474 mean value of = 0.27. This leads to a domain of uncertainty for the value of ( 0.38 0.16 ⁄ ). Therefore 475 the VNP observed radiant heat is multiplied with the factor 1⁄ of 3.7 ( 6.2 2.6 ⁄ ).
477
Interannual variability
The differences in flaring between TP14 and TP15, indicated in Fig. 1 and Fig. 2 , are quantified in this 480 section according to the emissions of CO (Fig. 9a ) and CO 2 (Fig. 9b) . The boxplots include all flaring 481 boxes for the two domains SWA (green) and the Niger Delta area (blue). The numbers above indicate 482 the integrated emissions per hour and area in tons. 483
Geosci 
Uncertainty due to spatial variability in H 2 S 498 499
Since hydrogen sulfide (H 2 S) is the only sulfur source in the flared gas, it determines the emission of 500 sulfur dioxide. The natural gas composition measurements from the ten flow stations given in 501 Sonibare and Akeredolu (2004) contain only two stations with nonzero H 2 S content. Therefore 502 averaging over the ten stations (see Tab. 3) leads to a low H 2 S content in the emission calculations. 503
By using the highest concentration value of H 2 S given in Sonibare and Akeredolu (2004) (see Tab. 3,  504 H 2 S concentration 0.03% instead of 0.005%), we try to estimate the upper limit of SO 2 emission, 505 assuming that all flares are provided with this more sulfur containing gas. With this approach the 506 spatiotemporal averaged SO 2 emissions increase from 0.6 to 4.9 kg h -1
.
The maximum values in the 507 flare boxes increase from 4.7 to 41.8 kg h -1
. These are rather low values. 508
This comparison reveals that among the flaring conditions also the natural gas composition plays an 509 important role in estimating the flaring emissions reasonably. To rely on a single measurement 510 dataset for a large flaring domain and without taking into account spatial variability is therefore 511 problematic but has to be accepted owing to insufficient data. 512
This section has estimated the uncertainties in gas flaring due to cloud cover, parameters of IU14, the 513 fraction of radiated heat, the temporal variability and the H 2 S concentration in the natural gas. The 514 uncertainty regarding the spatial variability of the total hydrocarbon fraction of the natural gas, 515 which is estimated by the variations in the ten flow station measurements of Sonibare and Akeredolu 516 (2004) , is below 1%. 517
However, there are further assumptions or sources of uncertainty which cannot be quantified within 518 this study: We assume that the natural gas composition, which is measured in one region, is valid for 519 (2015b) focus on gas flaring, whereas other products also include natural gas consumption and 587 emissions from refineries and transformation which also can include non-flaring emissions within and 588 outside the areas indicated as flaring area by the satellite imagery. In addition, the existing 589 inventories do not provide current values (time lag of 2 to 6 years) and therefore not consider the 590 emission reduction indicated by The uncertainties owing to missed flare observations by cloud cover, parameterization parameters, 605 interannual variability and the natural gas compositions were assessed. It can be shown that the 606 highest uncertainties arise from the definition of the fraction of radiated heat and the IU14 607 parameters. By using remote sensing cloud cover observations, a correction factor for the flaring 608 climatological emission was derived which reduces the mean emissions about 50%. However, owing 609
to the large uncertainty ranges, no significant difference between the climatological inventory and 610 the cloud corrected inventory can be stated. Comparing the emissions of 2014 and 2015, a reduction 611 in the flaring area, density of active flares and a significant reduction in SWA emissions about 30% 612 can be observed, which underlines the need for more recent emission inventories. 613
The uncertainty due to the natural gas composition is compound dependent. The spatial variation in 614 total hydrocarbon is negligible but the availability of hydrogen sulfide, which exclusively determines 615 the amount of emitted SO 2 , cause large uncertainty By taking the combustion efficiency to derive the 616 fraction of unburned natural gas, the amount of emitted VOCs might be estimated in addition to the 617 species of the study on hand but would also be linked to high uncertainties concerning the VOC 618 speciation. The uncertainty in VOC emission is increased drastically by natural gas which is vented 619 directly into the atmosphere instead of being flared, since the venting cannot be detected by VNP. 620
With a focus on Nigeria, the CO 2 emission estimates of this study were compared with existing 621 inventories. uncertainties of the flaring emission, we conclude that there is no preference in the choice of one of 635 the emission estimates presented in this study. Therefore we recommend the use of the 636 climatological approach when using the R package. 637
Despite the generally large uncertainties in the estimation of emissions from gas flaring, this method 638 allows a flexible creation of flaring emission datasets for various applications (e.g. as emission 639 inventory for atmospheric models). It combines observations with physical based background 640 concerning the combustion. The use of current data makes it possible to consider present trends in 641 gas flaring. Even the creation of near real-time datasets with a time lag of one day is possible. The 642 emissions are merged on grid predefined by the user and depending on the availability of VNP data, 643 the temporal resolution can be selected from single days to years. 644
An improvement of this parameterization can be achieved by an extension of the IU14 method to 645 black carbon and VOCs and an inclusion of spatial resolved measurements of the natural gas 646 composition in combination with information of the gas flaring processes from the oil producing 647 industry. 648 649
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